A wideband signal is generated from a sum of narrowband signals. As a result, the Doppler shifted signal received from a vehicle can be compensated for using specially designed auxiliary signals. This enables vehicle range profile estimation and classification.
Introduction
Reliable classification of road vehicles is an important requirement for a number of traffic applications. In the UK, the common systems used for automatic traffic monitoring are based on induction loops, piezoelectric and pneumatic tube counters [1] . These systems are widely implemented due to their accuracy. However, their maintenance costs are very high.
The use of radar can potentially provide a more cost effective solution to the problem. Various systems have been researched and discussed in the literature. Park et al [5] propose the use of side-looking stationary radar for the detection and size estimation of vehicles based on the magnitude and spectral shape of the received signal. Another technique, proposed by Roe and Hobson [6] , uses an FMCW microwave system to classify vehicles using profiles derived from speed and range data. This technique has an accuracy of 75%. An alternative method is described by Jahangir et al in [2] , which uses robust Doppler classification based on Hidden Markov Models and has an accuracy of 87%. In [9] , Walton demonstrates that an ultra-wideband radar system can be used for moving vehicle identification. This paper describes a novel technique to estimate vehicle range profiles (VRPs) for classification purposes using a wideband signal. The signal is generated from a sum of narrowband signal components so that the wideband phenomena of time shifting and Doppler scaling is replaced by a plurality of Doppler frequency shifts due to the narrowband signal components. The shifts are then compensated for by the use of specially designed auxiliary signals which cover the entire interval of Doppler frequencies of interest. For ease of simulation, the performance of the algorithm has been estimated at UHF frequencies, using measured range profile data of a Sedan and a Multi-Purpose Vehicle (MPV). However, the signal and sampling parameters used can be increased (for example for higher range resolution) as required. The roadside scenario considered is shown in Fig. 1 . A stationary radar, mounted several metres above the ground, illuminates the vehicles at a fixed depression angle as the vehicles pass through the radar beam. 
Vehicle Range Profiles
A VRP is essentially a one-dimensional radar image of a vehicle. It can be measured when the vehicle moves through the radar beam on the ground, which will occur in a fraction of a second. However, in many cases a wideband signal is required due to a need for low probability of interference, higher range resolution or propagation in difficult conditions (for example through canopies of trees or bushes). The signal design is described in Section 3.1 where a number of narrowband components are used to represent the wideband signal.
As with narrowband signals, broadening of the Doppler spectrum of this wideband signal will occur due to the variation in aspect angle and acceleration/deceleration of the vehicle as it travels through the radar beam. As a result, the Doppler frequency shifts associated with vehicle motion will occupy a wider frequency range than in the narrowband case. Therefore, an alternative approach is required to compensate for this phenomenon. This technique is called Wide-Band Doppler-Tolerant (WBDT) processing because it is Doppler tolerant processing of wideband signals, although the bandwidth of Doppler is still not significant compared to the signal frequencies transmitted. The design of the algorithm to compensate for a plurality of Doppler shifts was proposed by Szajnowski [7] and has been applied successfully to VRP estimation and classification in our software simulation study.
Wideband Signal Design and Processing

Signal Design
The principle and performance of the algorithm can be demonstrated using real signals, without the need for phase coherence.
In [4] , a Gaussian signal with a flat power spectral density is transmitted and Doppler processed. Here the signal x(t) is the sum of a finite number of low-pass, narrowband Gaussian components spread over the signal bandwidth. In order to flatten the power spectral density of the summed signal, the components are spread uniformly in frequency:
where a i (t) is the amplitude of a low pass, narrowband
Gaussian process transmitted at frequency ,
where i= 1,…, N f , f 1 is the lowest transmit frequency, Δf is the transmit frequency step, N f is the number of transmit frequencies used to represent the wideband signal and φ i is the initial phase. Each signal component should satisfy the narrowband condition and have a low fractional bandwidth (bandwidth/frequency).
The received signal y(t) at baseband is the sum of each Doppler shifted narrowband component convolved with the VRP:
where A is the round-trip attenuation, f Di the Doppler frequency dependent on the transmitted frequency f i and vehicle radial motion and ϕ Di is the Doppler phase.
Correlation Processing
Consider the case when there is just one frequency component in (1) and the VRP is a Dirac function. As a result of vehicle motion, the received signal at baseband y(t) can be expressed as:
where x(t) is now the reference signal, τ is the delay corresponding to the range, ω D is the angular Doppler frequency and φ is the Doppler phase. A correlator in the radar receiver would compute a two-dimensional correlation function for both x(t) and y(t) at baseband
for the entire interval of hypothesized time delays and frequencies. The values of τ and ω D that maximise equation (5) 
Wideband Doppler Tolerant Processing
For a plurality of possibly spread narrowband signal components, WBDT processing is required. The radar vehicle scenario (Fig. 1) and the use of a finite signal bandwidth with finite spectral broadening limit the range of Doppler frequencies. As a result, equations (6) and (7) can be replaced by:
where d C (t) and d S (t) are specially designed auxiliary signals comprising of a plurality of suitable frequency components, all mutually orthogonal within the interval T, covering the entire interval of Doppler frequencies of interest [7] . The auxiliary signals should also exhibit small values of the peak factor required to represent an analogue waveform digitally with a minimum number of bits. The two auxiliary signals, Fig. 3 shows a block diagram of a two-channel Wide-Band Doppler-Tolerant signal processor developed for the simulation study. The estimated profiles from the I-Q combiner are then normalised, by dividing them by their peak value, and converted to a function of distance along the vehicle before being processed by the classifier.
d C (t) and d S (t), may be obtained by combining four finiteduration chirps d CE (t), d SE (t), d CO (t) and d SO (t).
The integration time interval T is determined by the time taken for the slowest vehicle under consideration
Simulation Results
The computer simulation results are described in terms of VRP estimation and vehicle classification.
Range Profile Estimation
Simulation results are shown in 6 shows the performance of the profile estimator for two velocities (10 m/s and 20 m/s) using the wideband signal with no additive noise. The novel approach has provided a good estimate of the profiles of both vehicles moving at the selected velocities, whereas correlation has failed. The broadening of the peaks in the WBDT profile estimates is due to narrowband signal correlations in the wideband signal. The deceleration causes a spread in the Doppler frequency which is compensated for by the algorithm due to its flat frequency response. Fig. 8 shows the performance when the signal-tonoise ratio is 5 dB. Again, the performance is good, due to the high number of signal samples available for averaging out the effects of the noise.
Classification Performance
A Nearest Neighbour approach [8] was used whereby a vehicle under test is assigned to the class of vehicle (either Sedan or MPV) that it is most similar to. The similarity measure is the sum of differences between the respective profile points, although in practice the measured VRP would need to be correlated with the stored VRPs to find the best match. Monte Carlo simulations (100 per run) were carried out for two vehicle velocities of 10 m/s and 20 m/s, using the wideband signal at SNR = 20 dB and 5 dB, as shown in Fig. 9 and Fig Classification performance is very good for high SNR due in part to the Sedan having 3 peaks and the MPV having just one. The performance was maintained down to fractional bandwidths of 0.07, although some detail was lost in the estimated VRPs.
Conclusions
This paper has described a novel approach to vehicle classification using Wide-Band Doppler-Tolerant (WBDT) processing for range profile estimation of a moving vehicle by a road monitoring radar. The wideband signal is represented by a sum of narrowband signal components so that the wideband phenomena of time shifting and Doppler scaling is replaced by a plurality of Doppler frequency shifts due to the narrowband signal components. The shifts are then compensated for by the use of specially designed auxiliary signals which cover the entire interval of Doppler frequencies of interest.
Measured VRPs of a Sedan and an MPV have been used with the wideband signal to generate Doppler shifted received signals for testing both correlation and the WBDT technique. Correlation processing only estimated the profile correctly when the vehicles were stationary, whilst the WBDT algorithm provided good estimates of the range profiles for vehicle velocities of 10 m/s and 20 m/s with and without deceleration and noise.
The performance has been estimated at low RF frequencies, but the parameters and results can be extrapolated to higher frequencies as required.
A Nearest Neighbour classifier was used on the simulated data and it was shown that the classification performance was 95% for SNR = 20dB and 91% for SNR = 5 dB. This level of performance was maintained with the vehicles travelling at constant velocity or with acceleration/deceleration. Whilst the classification performance is very good, two quite different VRPs were used in the analysis. Further work should consider a much wider and more difficult range of VRPs. In addition, optimisation of the spectral shape of the wideband signal should be addressed.
